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A taxonomic study by Naczi, Reznicek, and Ford (American Journal of Botany, 85, 434–447, 1998) has determined that
three species (Carex willdenowii, C. basiantha, and C. superata) can be recognized within the C. willdenowii complex. To
determine the amount of genetic divergence within and between these species, allozyme analyses were conducted on 14
populations distributed from Pennsylvania to eastern Texas. Seventeen loci were surveyed, 13 of which were polymorphic,
with all populations being polymorphic at one or more loci. Interspecific genetic identities ranged from 0.560 (C. willdenowii
and C. basiantha) to 0.807 (C. basiantha and C. superata). Alleles for the isozymes Aat-1, Dia-1, Idh-2, Mdh-2, Per-1,
Pgm-1, and Pgm-2 served to distinguish C. willdenowii from C. basiantha and C. superata. Carex basiantha and C. superata
were recognized by alleles of Mdh-2, Pgm-1, and Tpi-2. The genetic identities of populations within species were high and
exceeded 0.957. A caespitose growth habit and perigynia in close proximity to the staminate flowers suggest adaptations
for selfing and therefore low levels of heterozygosity. Paradoxically, the values for expected heterozygosities (Hexp) were
always lower than those obtained by direct count (Hobs): F values were highly negative, indicating heterozygous excess.
Disassortative mating and selection are discussed as possible mechanisms for maintaining heterozygous excess within pop-
ulations.
Key words: allozyme divergence; Carex; Cyperaceae; heterozygous excess; species delimitation.
The Carex willdenowii Willd. complex is a well-de-
fined assemblage of species that are distinguished from
other members of section Phyllostachys (J. Carey) L. H.
Bailey by the combination of hyaline-margined pistillate
scales, which do not conceal the perigynia, perigynium
bodies that gradually taper to beaks as long or longer than
the bodies, and asynchronous flowering. In a morpholog-
ical and ecogeographical study, Naczi, Reznicek, and
Ford (1998) showed that this complex could be divided
into three distinct species: C. willdenowii s. str.; C. basi-
antha Steud.; and C. superata Naczi, Reznicek, and B.
A. Ford. Carex willdenowii is widespread across the
northeastern United States and is characterized by short
staminate regions on the androgynous spikes (4.9–10.3
mm long) and small perigynia (4.5–6.5 mm long). The
other two species are confined to the southeastern United
States and are recognized by longer staminate regions on
the vernal spikes (9.6–25.6 mm long) and larger perigyn-
ia (5.8–9.8 mm long). Carex basiantha is widespread
throughout the south and is easily recognized by its rel-
atively long culms, the longest of which are one-half to
two-thirds the height of the plant. Carex superata is
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found in scattered locations in Alabama, Florida, Geor-
gia, Kentucky, Mississippi, South Carolina, Tennessee,
and Virginia. This species is best distinguished by its
much shorter culms (approximately one-fourth of the
plant height).
Isozyme studies have been shown to be useful in elu-
cidating systematic relationships in Carex (e.g., Bruederle
and Fairbrothers, 1986; Standley, 1990; Waterway, 1990;
Bruederle and Jensen, 1991; Ford, Ball, and Ritland,
1991, 1993; Whitkus, 1992; McClintock and Waterway,
1994) and in gaining a better understanding of enigmatic
taxa (e.g., Ford, Ball, and Ritland, 1991, 1993). In this
paper we report the results of an isozyme analysis of the
C. willdenowii complex. The objectives of this study
were to: (1) evaluate the taxonomic conclusions proposed
by Naczi, Reznicek, and Ford (1998); (2) assess genetic
relationships among species and gene diversity within
species; and (3) gain an understanding of the mating sys-
tems and evolutionary processes operating in this species
complex.
MATERIALS AND METHODS
A total of 339 individuals were collected from 14 populations (five
of C. willdenowii, six of C. basiantha, and three of C. superata) in the
eastern United States (Fig. 1; Table 1). Population samples ranged in
size from nine to 42 individuals. Because members of the C. willdenowii
complex are caespitose, samples taken from discrete, well-spaced
clumps were assumed to be different individuals. Field-collected sam-
ples were potted in a soil/sand mixture and placed in a greenhouse,
under natural light in Winnipeg, Manitoba. All material was ground
within 2 wk of potting.
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Fig. 1. Location of sample sites for all populations of the Carex
willdenowii complex.
TABLE 1. Collection data for populations of the Carex willdenowii
complex. Population codes are listed immediately following county
or parish names. Vouchers are deposited at KNK and WIN.
Carex basiantha Steudel
U.S.A. ALABAMA. Butler Co.: B28, ;0.8 km (0.5 mi) N of Oaky Streak, 23 May 1994,
Naczi 3991 & Ford.—ARKANSAS. Scott Co.: B14, ;3.25 km (2 mi) N of Y City, 20 May
1994, Naczi 3938 & Ford.—LOUISIANA. West Feliciana Parish: B27, along W side of route
61, just S of St. Francis Hotel, 23 May 1994, Naczi 3987 & Ford.—MISSISSIPPI. Itawamba
Co.: B25, ;14.5 km (9 mi) N of Mantachie, 25 May 1994, Naczi 4005 et al.—OKLAHOMA.
McCurtain Co.: B15, ;6.5 km (4 mi) N of Idabel, 21 May 1994, Naczi 3954 & Ford.—
TEXAS. Jasper Co.: B17, ;19.5 km (12 mi) W of Jasper, 22 May 1994, Naczi 3965 & Ford.
Carex superata Naczi, Reznicek, & B.A. Ford
U.S.A. ALABAMA. Butler Co.: S26, ;0.8 km (0.5 mi) N of Oaky Streak, 23 May 1994,
Naczi 3990 & Ford; S29, Greenville, 5 km (3 mi) N of center of town along route 263, 24
May 1994, Naczi 3993 & Ford.—MISSISSIPPI. Tishomingo Co.: S23, ;16 km (10 mi) N
of Iuka, J.P. Coleman State Park, 25 May 1994, Naczi 4013 et al.
Carex willdenowii Willdenow
U.S.A. ARKANSAS. Garland Co.: W19, ;27.5 km (17 mi) N of Hot Springs, Iron Springs
Recreation Area of Ouachita National Forest, 19 May 1994, Naczi 3924 & Ford.—KEN-
TUCKY. Franklin Co.: W3, ;10.5 km (6.5 mi) NW of Frankfort, 11 May 1994, Naczi 3835
& Borne. Lewis Co.: W4, ;5.5 km (3.5 mi) ESE of Trinity, 5 May 1994, Naczi 3814 et al.—
OHIO. Pike Co.: W6, 2.5 km (1.5 mi) W of Buchanan, 16 May 1994, Naczi 3887.—PENN-
SYLVANIA. Bradford Co.: W40, ;13 km (8 mi) SW of Towanda, along W side of Preacher
Brook Road, 17 Jun 1994, Naczi 4287 & Thieret.
Enzyme extraction followed the procedure outlined by Ford, Ball,
and Ritland (1991) with the substitution of Gottlieb’s (1981a) for Mc-
Clure’s (1973) grinding buffer. Following extraction, wicks were orga-
nized onto petri plates and then stored at 2808C until needed. Each
plate contained a standard and a mixture of species and populations.
Wicks organized in this manner simplified the scoring of bands on gels.
Electrophoresis was accomplished using the method described by
Ford, Ball, and Ritland (1991). The resolution of 12 enzymes, encoded
by 17 interpretable putative loci, was accomplished using one of the
three gel-buffer systems from the aforementioned study. Diaphorase
(DIA), menadione reductase (MDR), glucose-6-phosphate isomerase
(GPI), and triose-phosphate isomerase (TPI) were resolved using Sys-
tem Number 8 of Soltis et al. (1983). Aspartate aminotransferase (AAT),
leucine aminopeptidase (LAP), and superoxide dismutase (SOD) were
resolved using Ridgeway H (Shields, Orton, and Stuber, 1983). Isocitric
dehydrogenase (IDH), malate dehydrogenase (MDH), peroxidase
(PER), phosphoglucomutase (PGM), and shikimate dehydrogenase
(SKD) were resolved using histidine-citrate pH 6.5 (Shields, Orton, and
Stuber, 1983). AAT, IDH, MDH, GPI, SKD, and TPI were stained ac-
cording to the procedures outlined by Soltis et al. (1983), while LAP
and PGM were resolved using the protocols outlined by Vallejos (1983).
DIA, MDR, PER, and SOD were stained using recipes modified from
Wendel and Weeden (1989). The interpretation and coding of banding
patterns on gels was based upon the methodology outlined in Ford, Ball,
and Ritland (1991).
Allele frequencies, mean number of alleles per locus (k), proportion
of polymorphic loci (P), observed and expected average heterozygosi-
ties (Hobs and Hexp, respectively), Nei’s unbiased genetic identities (I)
(Nei, 1978), and an UPGMA (unweighted pair-group method) pheno-
gram were calculated using BIOSYS-1 (Swofford and Selander, 1981).
Fixation indices (F 5 1 2 Hobs /Hexp), as averages over loci, were also
determined for each population. Total genetic diversity for each species
(HT), average diversity within (HS), and among populations (DST), and
the coefficient of genetic differentiation (GST) were calculated using Nei
and Chesser’s (1983) procedure, unbiased for sample size, using
GENESTAT-PC v. 2.1 (Lewis and Whitkus, 1989). These statistics in-
cluded both monomorphic and polymorphic loci in their calculations.
RESULTS
Twelve enzymes, putatively encoded by 17 loci, were
included in this study. The loci scored were: Aat-1, Dia-
1, Dia-2, Idh-2, Lap-1, Mdh-1, Mdh-2, Mdr, Per-1, Per-
2, Gpi-2, Pgm-1, Pgm-2, Skd, Sod, Tpi-1, and Tpi-2. Ad-
ditional loci for AAT, DIA, GPI, IDH, LAP, MDH, and
PER were also observed but were not included because
of their inconsistent staining.
Thirteen of 17 loci (76.47%) were polymorphic (Table
2), and all populations were polymorphic at one or more
loci. Four loci (Dia-1, Gpi-2, Idh-2, Tpi-2) consistently
exhibited heterozygous banding patterns in all popula-
tions of one or more species. Dia-2, Mdr, Per-2, and Skd
were monomorphic for all species surveyed. Allele fre-
quencies for each population examined are available from
B. A. Ford upon request.
The mean number of alleles ranged from 1.1 for the
Tishomingo County, Mississippi population of C. super-
ata (S23) to 1.8 for the Pike County, Ohio population of
C. willdenowii (W6) (Table 3). The proportion of poly-
morphic loci was variable and ranged from 11.8 in the
same population of C. superata to 52.9% in the Franklin
County, Kentucky population of C. willdenowii (W3).
Mean heterozygosity within populations based upon di-
rect count (Hobs) ranged from 0.105 in the Tishomingo
County, Mississippi population of C. superata to 0.276
in the Garland County, Arkansas population of C. will-
denowii (W19). Values for expected heterozygosity based
upon Hardy-Weinberg expectations (Hexp) were always
much less than those obtained from direct counts and
ranged from 0.061 in the Tishomingo County, Mississippi
population of C. superata to 0.169 in the Lewis County,
Kentucky population of C. willdenowii (W4). F, which
reflects the disparity between Hobs and Hexp values, pro-
vided valuable insights into the breeding systems of the
populations examined. A value of 0 is indicative of ran-
dom mating, while positive and negative values indicate
self-fertilization and heterozygous excess, respectively. F
values for all populations were negative and ranged from
20.267 in the West Feliciana Parish, Louisiana popula-
tion of C. basiantha (B27) to 20.942 in the Bradford
County, Pennsylvania population of C. willdenowii
(W40).
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TABLE 2. Allozyme frequencies for polymorphic loci in Carex will-
denowii, Carex basiantha, and C. superata as averages for each









Aat-1 a — 1.000 1.000
b 1.000 — —
Dia-1 a 0.500 — —
b 0.004 0.958 1.000
c 0.496 0.042 —
Gpi-2 a — 0.463 —
b 0.100 0.038 —
c 0.800 0.017 —
d 0.100 0.412 1.000
e — 0.071 —
Idh-2 a 0.493 — 0.008
b — 0.500 0.492
c 0.007 — —
d 0.493 — 0.008
e 0.007 — —
f — 0.500 0.492
Lap-1 a 0.035 0.023 —
b 0.965 0.977 1.000
Mdh-1 a 0.986 0.957 0.992
b 0.014 0.043 0.008
Mdh-2 a 0.929 0.151 0.984
b — 0.756 —
c 0.071 0.092 0.016
Per-1 a 1.000 0.008 —
b — 0.992 1.000
Pgm-1 a — — 0.985
b 0.007 1.000 0.015
c 0.993 — —
Pgm-2 a — 0.038 —
b — 0.790 1.000
c 0.232 — —
d 0.768 0.172 —
Sod a 0.610 1.000 1.000
b 0.390 — —
Tpi-1 a 0.004 — —
b 0.996 1.000 0.652
c — — 0.348
Tpi-2 a 0.486 0.500 0.129
b 0.507 — 0.871
c 0.007 — —
d — 0.500 —
Populations were usually composed of more than one
genotype, although the percentage of unique genotypes
within each of these populations was variable. Values
ranged from 5.0% in the Bradford County, Pennsylvania
population of C. willdenowii to 46.2% in the Jasper
County, Texas population of C. basiantha (B17). Low
percentage values were correlated with the highest neg-
ative F values (e.g., W19, W40, S23, S26, S29). Highly
negative F values, however, could be found in popula-
tions with a higher percentage of unique genotypes (e.g.,
W6, B17, B25, B27, B28).
Nei and Chesser’s (1983) gene diversity statistics in-
dicated that C. superata had the lowest total gene diver-
sity (HT) (0.072), while that for C. willdenowii (0.177)
and C. basiantha (0.156) was more than twice as great
(Table 4). Within-population (HS) values exhibited a sim-
ilar pattern with the highest values found in C. willden-
owii (0.148) and C. basiantha (0.138) and the lowest val-
ues (0.071) in C. superata. The similarity between HT
and HS values in all species resulted in extremely low
DST values (0.001 in C. superata to 0.030 in C. willden-
owii) and low GST values (0.011 in C. superata to 0.167
in C. willdenowii), indicating that between 83.3 and
98.9% of the genetic diversity within each species lies
within populations.
Populations within species exhibited high genetic iden-
tities (I) (Table 5) with average values exceeding 0.957.
Average genetic identities between species were much
lower and ranged from 0.560 (C. willdenowii and C. bas-
iantha) to 0.807 (C. basiantha and C. superata). These
lower between-species identities were the result of the
divergence among species at a number of different loci.
Alleles for the isozymes Aat-1, Dia-1, Idh-2, Mdh-2, Per-
1, Pgm-1, and Pgm-2 were useful in distinguishing C.
willdenowii from C. basiantha and/or C. superata. Ge-
netic identities between C. basiantha and C. superata
were much higher, with C. basiantha distinguished from
C. superata by the alleles Mdh-2 b, Pgm-1 b, Tpi-2 a,
and Tpi-2 d.
A cluster analysis of all 14 populations of the C. will-
denowii complex using Nei’s (1978) unbiased genetic
identities clearly depicted the relationships between pop-
ulations and species (Fig. 2). Two distinct groups, one
corresponding to C. willdenowii and a second to C. basi-
antha/superata, were evident in the resulting phenogram.
Within the second cluster, C. basiantha and C. superata
formed distinct assemblages with no populations mis-
classified.
DISCUSSION
Our genetic analysis supports the finding of Naczi,
Reznicek, and Ford (1998) in recognizing three distinct
species within the C. willdenowii complex: C. willdeno-
wii, C. basiantha, and C. superata. The genetic identity
values indicate that all three species can be differentiated
electrophoretically and are characterized by a number of
unique or high- frequency alleles. The genetic identity
values between C. willdenowii and C. basiantha/superata
are among the lowest found in any electrophoretic study
of Carex but fall within the range of values presented by
Crawford (1983) and Gottlieb (1977, 1981b) for popu-
lations of congeneric species. The high genetic identity
between C. basiantha and C. superata is not unprece-
dented in Carex and is similar to values reported in other
studies (e.g., Bruederle and Fairbrothers, 1986; Water-
way, 1990; Ford, Ball, and Ritland, 1991; McClintock
and Waterway, 1994).
Hypotheses of species relationships in section Phyllo-
stachys have been investigated by Starr and Ford (1995),
Starr, Bayer, and Ford (1996), and Starr et al. (unpub-
lished data) using morophological and nrDNA spacer re-
gion sequence data (ITS-1 and ITS-2). These studies sug-
gest that C. superata is more closely related to C. basi-
antha than it is to C. willdenowii. The low genetic iden-
tity values found between C. willdenowii and C.
basiantha and between C. willdenowii and C. superata
(0.560 and 0.581) compared to the high value found be-
tween C. superata and C. basiantha (0.807) would help
to support this claim. The phylogeny and evolution of
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TABLE 3. Genetic variability in 14 populations of the Carex willdenowii complex: sample size (N), percentage of unique genotypes (% gene),
mean number of alleles per locus 6 1 SE (k), percentage of polymorphic loci 6 1 SE (P) (a locus is considered polymorphic if the frequency
of the most common allele does not exceed 0.99), observed heterozygosity 6 1 SE (Hobs), expected heterozygosity 6 1 SE (Hexp) (unbiased
estimate Nei [1978]), fixation index (F).
Populations N % gene k P Hobs Hexp F
Carex willdenowii
W3 26 26.9 1.6 6 0.1 52.9 0.225 6 0.094 0.144 6 0.050 20.562
W4 42 19.0 1.6 6 0.2 47.1 0.225 6 0.099 0.169 6 0.054 20.331
W6 35 45.7 1.8 6 0.3 47.1 0.226 6 0.093 0.156 6 0.056 20.448
W19 19 15.8 1.3 6 0.1 29.4 0.276 6 0.108 0.149 6 0.058 20.852
W40 20 5.0 1.2 6 0.1 23.5 0.235 6 0.106 0.121 6 0.054 20.942
Carex basiantha
B14 36 27.8 1.5 6 0.2 47.1 0.195 6 0.094 0.138 6 0.051 20.413
B15 34 23.5 1.5 6 0.2 41.2 0.191 6 0.094 0.139 6 0.055 20.374
B17 13 46.2 1.5 6 0.1 47.1 0.199 6 0.094 0.151 6 0.052 20.317
B25 21 42.9 1.5 6 0.2 41.2 0.182 6 0.095 0.137 6 0.055 20.328
B27 15 40.0 1.4 6 0.2 29.4 0.180 6 0.095 0.142 6 0.057 20.267
B28 12 41.7 1.4 6 0.1 35.3 0.187 6 0.094 0.121 6 0.053 20.545
Carex superata
S23 9 22.2 1.1 6 0.1 11.8 0.105 6 0.072 0.061 6 0.042 20.721
S26 33 15.2 1.5 6 0.2 35.3 0.116 6 0.073 0.076 6 0.041 20.526
S29 24 16.7 1.2 6 0.1 17.6 0.120 6 0.069 0.076 6 0.042 20.578
TABLE 5. Matrix of genetic identity coefficients (range) for all pair-
wise comparisons of sampled populations (N) of the Carex will-
denowii complex.
Species N C. willdenowii C. basiantha C. superata
C. willdenowii 5 0.957
(0.884–1.000)
C. basiantha 6 0.560 0.975
(0.518–0.613) (0.927–1.000)
C. superata 3 0.581 0.807 0.998
(0.557–0.622) (0.719–0.859) (0.997–1.000)
TABLE 4. Gene diversity statistics for the Carex willdenowii complex.
HT 5 total gene diversity, HS 5 within-population gene diversity,
DST 5 among-population gene diversity, GST 5 coefficient of ge-
netic differentiation.
Species HT HS DST GST
C. willdenowii 0.177 0.148 0.030 0.167
C. basiantha 0.156 0.138 0.018 0.114
C. superata 0.072 0.071 0.001 0.011
species within Carex section Phyllostachys are the sub-
ject of future publications.
Population genetic structure, as measured by the pa-
rameters Hobs, Hexp, HT, and HS, indicates that C. superata
exhibits about half the average genetic variability (Table
3) and gene diversity (Table 4) found in C. willdenowii
and C. basiantha. Inflorescence height and geographic
distribution may account for these observed genetic dif-
ferences. Handel (1976a) has postulated that sedges with
lower staminate spikes on a culm may have lower pollen
flow than those species with well-elevated staminate
spikes. Carex willdenowii and C. basiantha possess elon-
gate culms and more elevated inflorescences in compar-
ison to C. superata. Such a morphology may be more
conducive to wide pollen flow and gene exchange. Carex
superata, on the other hand, has extremely short culms
with inflorescences that are crowded in the base of the
plant. Such a morphology may constrain pollen move-
ment and reduce genetic variability in this species.
The generality of lower genetic diversity in species
with restricted distributions is also consistent with the
evidence presented in this paper (Hamrick, Linhart, and
Mitton, 1979; Loveless and Hamrick, 1984). Carex su-
perata is confined to the states of Alabama, Florida,
Georgia, Kentucky, Mississippi, South Carolina, Tennes-
see, and Virginia where it is found in widely scattered
populations. Carex basiantha and C. willdenowii are
more frequent in their occurrence and have about twice
the geographical distribution of C. superata (cf. Naczi,
Reznicek, and Ford, 1998).
While a variety of factors are known to influence the
extent and distribution of genetic diversity within a spe-
cies complex, breeding systems and distribution are
among the most important (cf. Olmstead, 1990). This
consistency may apply to the C. willdenowii complex.
One of the most surprising findings of this study was
the discovery of negative F values in all populations. In
order to appreciate the relevance of this observation it is
necessary to review the results of past research. Previous
electrophoretic studies on Carex have focused on taxa
largely restricted to open and/or early-successional hab-
itats. These studies suggest that species can be placed into
two groups based upon the level and apportionment of
genetic variability. Group 1 is characterized by low levels
of intrapopulation genetic variation but high levels of in-
terpopulation and interspecific variation. F values are
highly positive, suggesting high levels of selfing (e.g.,
Bruederle and Fairbrothers, 1986, Bruederle and Jensen,
1991; Waterway, 1990; Whitkus, 1992). Group 2 pos-
sesses similar levels of interspecific variation, but this is
apportioned within rather than between populations. F
values are close to 0, suggesting higher levels of out-
crossing (e.g., Ford, Ball, and Ritland, 1991; McClintock
and Waterway, 1993). Highly negative F values are oc-
550 [Vol. 85AMERICAN JOURNAL OF BOTANY
Fig. 2. Dendrogram of all populations of the Carex willdenowii
complex using Nei’s (1978) unbiased genetic identities and UPGMA
cluster analysis. Cophenetic correlation coefficient 5 0.991.
casionally observed but are probably the result of sam-
pling heterozygous clonal replicates (cf. Ford, Ball, and
Ritland, 1991; McClintock and Waterway, 1993).
Ford, Ball, and Ritland (1991) postulated that these
two patterns of genetic variability may be related to dif-
ferences in life history strategies. Group 1 species are
characterized by multiple hermaphroditic spikes or sta-
minate spikes that are overtopped by the lateral pistillate
spikes and a caespitose growth habit. Group 2 species are
rhizomatous and have relatively few unisexual spikes that
are widely separated from each other. In group 1 species
the closest pollen donor could be a culm from the same
plant, thus increasing the chances of selfing. The posses-
sion of multiple hermaphroditic spikes in some species
could lead to an overlap in the maturation times of male
and female flowers making it more difficult for plants to
achieve dichogamy. Moreover, the stigmas may be in di-
rect contact with the staminate flowers creating further
opportunities for self-pollination. In group 2 species,
culms can be widely spaced along an elongate rhizome,
with many rhizomatous plants often found in close prox-
imity to each other. Thus, the nearest neighbor may not
be from the same individual, increasing the chances of
outcrossing. The relatively few and widely spaced uni-
sexual spikes found in this group could also facilitate
dichogamy and increase genetic variability.
Members of the C. willdenowii complex do not fit
within this broad classificatory framework. Like members
of group 1, these species are caespitose and have their
perigynia in close proximity to the staminate flowers. Un-
like the other groups of sedges that have been studied to
date, plants are confined to late-successional forested
habitats. Furthermore, observed heterozygosity is higher
than that expected from Hardy-Weinberg. What factors
are responsible for the observed genetic variability?
There are a number of possible explanations.
Selection, drift, and mutation—The detection of high-
er than expected levels of allozyme variation has led to
some debate as to whether this is the result of selection
or a combination of mutation and drift. There is growing
evidence (see arguments presented by Hamrick [1989]
and Mitton [1989]), however, that selection can act di-
rectly on isozyme loci and that natural selection favors
highly heterozygous individuals in some plant groups
(Hamrick, 1989; Mitton, 1989). This may be particularly
true of species confined to late-successional environ-
ments, which tend to be more complex and heteroge-
neous than early-successional habitats (Hamrick, Linhart,
and Mitton, 1979).
Another factor to be considered is the age of the plants.
The low percentage of unique genotypes in many popu-
lations suggests that vegetative spread might occur within
populations, thus promoting the longevity of any given
individual. Natural disturbance, especially by small mam-
mals, was evident at many localities and could account
for the fragmentation and dispersal of clumps. Long-lived
plants may be subjected to selection pressures over a lon-
ger period of time, resulting in populations that are com-
posed of relatively few, heterozgous individiuals. Pater-
nity analysis might provide insights into the selective pro-
cesses that have shaped the genetic structure of popula-
tions.
Disassortative mating—Disassortative mating has the
effect of increasing the frequency of heterozygotes within
populations. Although a variety of disassortative mech-
anisms have evolved in plants, self-incompatibility is one
way in which an excess of heterozygotes can be produced
(Hartl and Clark, 1989). While selfing has commonly
been reported in Carex (e.g., Faulkner, 1973; Handel,
1976a, 1978a; Standley, 1985; Whitkus, 1988), some spe-
cies may be self-incompatible (Ford, Ball, and Ritland,
1991). Compatibility studies, including an assessment of
agamospermy and postzygotic barriers, may provide in-
formation on both the cause and maintenance of hetero-
zygous excess in the C. willdenowii complex.
Seed dispersal distance greater than pollen dispers-
al—Pollen dispersal has been shown to be relatively lim-
ited in Carex despite the fact that many species appear
to be superficially adapted to wide pollen flow (Handel,
1976a). The role of seed dispersal as a component of
gene flow has received little attention, but many species
have a morphology conducive to long-distance dispersal
(e.g., perigynia with inflated and/or hairy bodies, beaks
with long teeth, etc.). It could be hypothesized that seed
dispersal contributes more to gene flow than pollen dis-
persal in Carex section Phyllostachys and that seed dis-
persal in conjunction with other factors such as disassor-
tative mating and selection could provide a mechanism
for promoting heterozygous excess within populations. A
couple of lines of evidence support the hypothesis of
gene flow through seed dispersal in the C. willdenowii
complex. (1) Perigynia possess an eliasome-like body,
suggesting that species may be ant dispersed (see papers
by Handel [1976b, 1978b] and Gaddy [1986], discussing
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myrmecochory in Carex). (2) Plants are frequently found
on slopes, often in association with streams. In these ar-
eas perigynia may fall downslope and could be carried
some distance by water. (3) Morphological adaptations,
such as perigynia with long serrated beaks, could favor
long-distance dispersal by small mammals (see above).
Gene duplication—Gene duplication has been dem-
onstrated to occur in a variety plant species (Crawford,
1990). ‘‘Normal’’ heterozygous banding patterns are pro-
duced by individuals that are homozygous for alternative
alleles at each locus. Complicated multibanded patterns
are evident when plants are heterozygous at these same
loci. Our study failed to disclose any evidence of gene
duplication in the C. willdenowii complex.
Isozymic heteromers—Isozymic heteromers can com-
plicate the interpretation of enzyme banding patterns by
creating heterozygous profiles for homozygous loci. Four
of the isozymes (DIA, IDH, GPI, and TPI) surveyed pos-
sessed loci that consistently exhibited heterozygous band-
ing patterns in all populations of one or more species.
Three of these isozymes (IDH, GPI, and TPI) are known
to produce two loci, one in the cytosol and the other in
the plastid (Kephart, 1990). Heteromers do not form be-
tween isozymes present in different subcellular compart-
ments (Crawford, 1990). Based on this consistency, and
the fact that C. superata is homozygous for loci that are
otherwise heterozygous (e.g., Dia-1, Gpi-2, and Tpi-2),
it is unlikely that intergenic dimers have contributed to
an inflated estimate of heterozygosity in this study.
In conclusion, the evidence presented in this paper ful-
ly corroborates the taxonomic decisions reached by Nac-
zi, Reznicek, and Ford (1998). The detection of hetero-
zygous excesses in all populations was unexpected but
could be the result of selection, disassortative mating,
and/or other factors operating within populations. More
experimentation is required to establish the mechanism
for both the maintenance and generation of heterozygous
excess in the C. willdenowii complex. The presence of
heterozygous excess in other related species and sections
and in other woodland carices also warrants investigation.
Such studies may even shed light on the striking amount
of speciation and diversification that has gone on in the
woodland Carex flora of eastern North America.
LITERATURE CITED
BRUEDERLE, L. P., AND D. E. FAIRBROTHERS. 1986. Allozyme variation
in populations of the Carex crinita complex (Cyperaceae). System-
atic Botany 11: 583–594.
, AND U. JENSEN. 1991. Genetic differentiation of Carex flava
and Carex viridula in western Europe (Cyperaceae). Systematic
Botany 16: 41–49.
CRAWFORD, D. J. 1983. Phylogenetic and systematic inferences from
electrophoretic studies. In S. D. Tanksley and T. J. Orton [eds.],
Isozymes in plant genetics and breeding, Part A, 257–287. Elsevier,
Amsterdam.
. 1990. Plant molecular systematics: macromolecular approach-
es. John Wiley & Sons, Toronto.
FAULKNER, J. S. 1973. Experimental hybridization of north-west Eu-
ropean species in Carex section Acutae (Cyperaceae). Botanical
Journal of the Linnean Society 67: 233–253.
FORD, B. A., P. W. BALL, AND K. RITLAND. 1991. Allozyme diversity
and genetic relationships among North American members of the
short-beaked taxa of Carex sect. Vesicariae (Cyperaceae). System-
atic Botany 16: 116–131.
, , AND . 1993. Genetic and macromorphologic
evidence bearing on the evolution of members of Carex section
Vesicariae (Cyperaceae) and their natural hybrids. Canadian Jour-
nal of Botany 71: 486–500.
GADDY, L. L. 1986. Twelve new ant-dispersed species from the south-
ern Appalachians. Bulletin of the Torrey Botanical Club 113: 247–
251.
GOTTLIEB, L. D. 1977. Electrophoretic evidence and plant systematics.
Annals of the Missouri Botanical Garden 64: 161–180.
. 1981a. Gene number in species of Asteraceae that have dif-
ferent chromosome numbers. Proceedings of the National Academy
of Sciences, USA 78: 3726–3729.
. 1981b. Electrophoretic evidence and plant populations. Prog-
ress in Phytochemistry 7: 1–46.
HAMRICK, J. L. 1989. Isozymes and the analysis of genetic structure in
plant populations. In D. E. Soltis and P. S. Soltis [eds.], Isozymes
in plant biology, 87–105. Dioscorides Press, Portland, OR.
, Y. B. LINHART, AND J. B. MITTON. 1979. Relationships between
life history characteristics and electrophoretically detectable genetic
variation in plants. Annual Review of Ecology and Systematics 10:
173–200.
HANDEL, S. N. 1976a. Restricted pollen flow of two woodland herbs
determined by neutron-activation analysis. Nature 260: 422–423.
. 1976b. Dispersal ecology of Carex pedunculata (Cyperaceae),
a new North American myrmecochore. American Journal of Bot-
any 63: 1071–1079.
. 1978a. Self-compatibility in Carex plantaginea and C. platy-
phylla (Cyperaceae). Bulletin of the Torrey Botanical Club 105:
233–234.
. 1978b. New ant-dispersed species in the genera Carex, Luzula,
and Claytonia. Canadian Journal of Botany 56: 2925–2927.
HARTL, D. L., AND A. G. CLARK. 1989. Principles of population ge-
netics, 2d. ed. Sinauer, Sunderland, MA.
KEPHART, S. R. 1990. Starch gel electrophoresis of plant isozymes: a
comparative analysis of techniques. American Journal of Botany
77: 693–712.
LEWIS, P., AND R. WHITKUS. 1989. GENESTAT-PC V. 2.1. Department
of Botany, Ohio State University, Columbus, OH.
LOVELESS, M. D., AND J. L. HAMRICK. 1984. Ecological determinants
of genetic structure in plant populations. Annual Review of Ecology
and Systematics 15: 65–95.
MCCLURE, S. 1973. Allozyme variability in natural populations of the
yellow monkey-flower, Mimulus guttatus, located in the north Yuba
River drainage. Ph.D. dissertation, University of California, Berke-
ley, CA.
MCCLINTOCK, K. A., AND M. J. WATERWAY. 1993. Patterns of allozyme
variation and clonal diversity in Carex lasiocarpa and C. pellita
(Cyperaceae). American Journal of Botany 80: 1251–1263.
, AND . 1994. Genetic differentiation between C. lasio-
carpa and C. pellita (Cyperaceae) in North America. American
Journal of Botany 81: 224–231.
MITTON, J. B. 1989. Physiology and demographic variation associated
with allozyme variation. In D. E. Soltis and P. S. Soltis [eds.],
Isozymes in plant biology, 127–145. Dioscorides Press, Portland,
OR.
NACZI, R. F. C., A. A. REZNICEK, AND B. A. FORD. 1998. Morphological,
geographical, and ecological differentiation in the Carex willden-
owii complex (Cyperaceae). American Journal of Botany 85: 434-
447.
NEI, M. 1978. Estimation of average heterozygosity and genetic dis-
tance from a small number of individuals. Genetics. 89: 583–590.
, AND R. K. CHESSER. 1983. Estimation of fixation indices and
gene diversities. Annals of Human Genetics 47: 253–259.
OLMSTEAD, R. G. 1990. Biological and historical factors influencing
genetic diversity in the Scutellaria angustifolia complex (Labiatae).
Evolution 44: 54–70.
SHIELDS, C. R., T. J. ORTON, AND C. W. STUBER. 1983. An outline of
general resource needs and procedures for the electrophoretic sep-
aration of active enzymes from plant tissue. In S. D. Tanksley and
T. J. Orton [eds.], Isozymes in plant genetics and breeding, Part A,
443–468. Elsevier, Amsterdam.
552 [Vol. 85AMERICAN JOURNAL OF BOTANY
SOLTIS, D. E., C. H. HAUFLER, D. C. DARROW, AND G. J. GASTONY. 1983.
Starch gel electrophoresis of ferns: a compilation of grinding buf-
fers, gel and electrode buffers, and staining schedules. American
Fern Journal 73: 9–26.
STANDLEY, L. A. 1985. Systematics of the Acutae group of Carex (Cy-
peraceae) in the Pacific Northwest. Systematic Botany Monographs
7: 1–106.
. 1990. Allozyme evidence for the hybrid origin of the maritime
species Carex salina and Carex recta (Cyperaceae) in Eastern
North America. Systematic Botany 15: 182–191.
STARR, J. R., R. J. BAYER, AND B. A. FORD. 1996. Phylogeny and
sectional delimitation in Carex (Cyperaceae) using sequences from
the internal transcribed spacer of nrDNA. American Journal of Bot-
any 83: 194.
, AND B. A. FORD. 1995. Phylogeny and character evolution in
Carex section Phyllostachys (Cyperaceae). American Journal of
Botany 82: 164–165.
SWOFFORD, D. L., AND R. B. SELANDER. 1981. Biosys-1: computer pro-
gram for the analysis of allelic variation in genetics. User’s manual.
University of Illinois, Urbana, IL.
VALLEJOS, C. E. 1983. Enzyme activity staining. In S. D. Tanksley and
T. J. Orton [eds.], Isozymes in plant genetics and breeding, Part A,
469–516. Elsevier, Amsterdam.
WATERWAY, M. J. 1990. Genetic differentiation and hybridization be-
tween Carex gynodynama and C. mendocinensis (Cyperaceae) in
California. American Journal of Botany 77: 826–838.
WENDEL, J. F., AND N. F. WEEDEN. 1989. Visualization and interpreta-
tion of plant isozymes. In D. E. Soltis and P. S. Soltis [eds.], Iso-
zymes in plant biology, 5–45. Dioscorides Press, Portland, OR.
WHITKUS, R. 1988. Experimental hybridization among chromosome
races of Carex pachystachya and the related species C. macloviana
and C. preslii (Cyperaceae). Systematic Botany 13: 146–153.
. 1992. Allozyme variation within the Carex pachystachya
complex (Cyperaceae). Systematic Botany 17: 16–24.
